Paenibacillus polymyxa is an agriculturally important plant growth-promoting 10 rhizobacterium. Many Paenibacillus species are known to be engaged in complex bacteria-11 bacteria and bacteria-host interactions, which in other species were shown to necessitate 12 quorum sensing communication. However, to date no quorum sensing systems have been 13 described in Paenibacillus. Here we show that the type strain P. polymyxa ATCC 842 14 encodes at least 16 peptide-based communication systems. Each of these systems is 15 comprised of a pro-peptide that is secreted to the growth medium and processed to generate 16 a mature short peptide. Each peptide has a cognate intracellular receptor of the RRNPP 17 family, and we show that external addition of P. polymyxa communication peptides leads 18 to reprogramming of the transcriptional response. We found that these quorum sensing 19 systems are conserved across hundreds of species belonging to the Paenibacillaceae 20 family, with some species encoding more than 25 different peptide-receptor pairs, 21 representing a record number of quorum sensing systems encoded in a single genome.
). These included Supplementary Table S3 ). These results suggest that the Alo system is a widespread 142 quorum sensing system in this large family of bacteria, and imply that Paenibacilli are 143 among the most "communicative" bacteria studied to date.
Peptides belonging to members of the RRNPP family of quorum sensing systems are 146 known to be secreted into the growth medium as pro-peptides. Following removal of their 147 N-terminal signal sequence, the peptides are further processed by extracellular proteases 148 to generate the mature communication peptide 26, 42 (Fig. 1a ). To determine whether Alo 149 peptides are similarly secreted, we analyzed growth media taken from P. polymyxa cultures 150 using mass-spectrometry (MS). For this, we grew P. polymyxa ATCC 842 in defined 151 media, removed the bacteria by centrifuging, and took the supernatant (presumably 152 containing the secreted peptides) for MS analysis. Notably, MS was performed without 153 subjecting the peptides to trypsin treatment, to allow detection of peptides in their natural 154 form. We were able to reproducibly detect various fragments of nine out of the 14 Alo 155 peptides predicted in P. polymyxa ATCC 842 ( Fig. 3 and Supplementary Table S4 ). In all 156 cases, the fragments included the C-terminus of the Alo peptide but not the N-terminus, 157 confirming that the N-terminus is cleaved during the pro-peptide secretion, presumably by 158 a signal peptidase associated with the Sec system 43 . As a control, we repeated the same 159 procedure on cultures of B. subtilis, where the processing patterns of Phr peptides are 160 known 26 . Indeed, the B. subtilis Phr peptides were also detectable in the MS analysis, with 161 the same patterns of N-terminus removal ( Fig 3A and Supplementary Table S4 ). These 162 results show that Alo peptides are secreted to the medium akin to other cases of RRNPP 163 quorum sensing systems.
164
Following N-terminus removal during the secretion process, B. subtilis Phr peptides are 165 known to be processed further to yield the mature 5 aa peptide. The mature peptide is 166 usually found at the extreme C-terminal end of the pro-peptide, such that it may be released 167 by a single cleavage event ( Fig. 3a) . Such short peptides are challenging to identify using 168 current MS pipelines 44 , and indeed our MS analysis of B. subtilis conditioned media did 169 not detect the mature 5 aa Phr peptides but rather revealed the Phr pro-peptides with the 170 known mature peptide missing (Fig. 3a) . The absence of a short peptide from the C-171 terminus of the pro-peptide is therefore a clear signature of the processing event that 172 releases the mature peptide. We were able to detect similar processing events in the P. 173 polymyxa peptides as well (Fig. 3b ). These patterns strongly suggest that some of the AloP proteins generate 6 aa communication peptides, while others generate presumably longer 175 mature peptides ( Fig. 3b ). 
185
Peptide-mediated modulation of the bacterial transcriptional program 186 All Alo receptors contain a helix-turn-helix (HTH) DNA-binding domain at their N-187 terminus ( Fig. 1a ), suggesting that they may function as transcriptional regulators similar 188 to many members of the RRNPP peptide receptors family 19,24 . These regulators become is SHGRGG (Fig. 3b ). Aiming to measure the immediate transcriptional response to the 195 peptide, we incubated early log-phase-growing P. polymyxa cells with 5µM of synthetic 196 SHGRGG peptide for 10 minutes. RNA-seq analysis of cells harvested after this short 197 incubation with the peptide identified a set of 10 genes whose expression became 198 significantly reduced when the peptide was added ( Fig. 4 ). This transcriptional response 199 was not observed when a scrambled version of the AloP13 pro-peptide (encoding the same 200 amino acids as the pro-peptide but in a scrambled order) was added to the medium, 201 indicating that the transcriptional response is specific to the sequence of AloP13 (Table   202 S5).
203
The most significant reduction in expression was in a gene annotated as Spo0E-like 204 sporulation regulatory protein, whose expression was reduced by 4.5 fold on average in 205 response to the peptide (3.7, 6, and 4 fold reduction in the 3 independent replicates of the 206 experiment) ( Fig. 4b ). In B. subtilis, Spo0E functions as a phosphatase that regulates 207 Spo0A, the master transcription factor for sporulation, thus inhibiting the initiation of the 208 sporulation pathway 46 . Interestingly, the spo0E-like gene is encoded directly downstream 209 to the Alo13 locus in P. polymyxa ( Fig. 4c-d) . These results imply that the immediate effect 210 of the AloP13 quorum sensing peptide involves down regulation of the spo0E-like gene, 211 which likely leads to a further regulatory cascade at later time points. We note that spo0E-212 like genes occur immediately downstream of 6 Alo systems in P. polymyxa ( Fig. 2a ) and 213 downstream to 12 of the P. terrae Alo systems. This conserved genomic organization 214 suggests that many Alo systems may exert their effect on the cell by modulating the 215 expression of Spo0E-like regulatory phosphatase proteins. 216 Most of the additional genes whose expression became reduced following 10 minutes' 217 exposure to the AloP13 mature peptide were those encoding other AloP peptides, including 218 aloP1, aloP2, aloP8, aloP10α and aloP10β, as well as the gene encoding the receptor 219 aloR14 that is encoded adjacent to the aloR13 gene ( Fig. 4) . These results suggest that as 220 in other bacteria 37,47 , quorum sensing systems can cross-regulate other such systems in P. 
239
Representative of 3 independent replicates. Data for the control sample is the same as in panel (c).
240
The AloP13 pro-peptide induces bacterial clumping 241 We noticed that addition of the AloP13 pro-peptide (sequence 242 SYFHNITIGNGSQITVSSHGRGG) to a liquid growth medium resulted in rapid clumping 243 of the bacteria into macroscopic particles ( Fig. 5; Supplementary Movie S1 ). The clumping 244 phenotype repeated when using an AloP13 pro-peptide synthesized by two different 245 vendors. Clumping was not observed when using the synthetic "scrambled" peptide 246 encoding the same amino acids as the AloP13 pro-peptide but in a scrambled order, 247 suggesting that clumping is specifically induced by the AloP13 pro-peptide ( Fig. 5 ).
248
Clumping was previously described to be mediated by quorum sensing in other bacteria,
249
where it was associated with induction of conjugation 49 , competence 50 and virulence 51 .
250 Surprisingly, addition of the mature 6 aa peptide SHGRGG to the medium did not result in 251 observable clumping, and, conversely, addition of an AloP13 pro-peptide that lacks the last 252 6 aa did induce clumping (Fig. 5b) . These results suggest that the AloP13 pro-peptide 253 carries out two separate functions -one is associated with the mature SHGRGG peptide 254 that probably affects transcription by entering the cell and binding its cognate receptor, and 255 the other induces bacterial clumping in a mechanism yet to be explored. Fig. 3a ). It is therefore conceivable that some of the AloP 285 peptides in P. polymyxa, especially the ones for which the fragment detected in the MS 286 data is followed by a sequence longer than 6 aa, are further processed to yield shorter 287 mature peptides (for example AloP4, P9, P15, and P16 in Fig. 3b ).
288
Our data suggest that AloP13 has two separate functions. First, its terminal 6 aa are shorter than 250 aa or homologs found in scaffolds shorter than 2,500 nt were discarded.
336
For the analysis appearing in Fig. 2 , the 234 AloR homologs found in 14 P. polymyxa 337 strains were aligned using the MAFFT multiple sequence alignment server version 7 with 338 default parameters 63 . The alignment was used to generate a maximum likelihood phylogenetic tree using IQ-TREE 38 version 1.6.5 including ultrafast bootstrap analysis 39 340 with 1000 alignments (''-bb 1000'') and using the "-m TEST" parameter to test for the best 341 substitution model 40 (Best-fit model: JTT+F+R5 chosen according to BIC). The tree was 342 visualized using the iTOL program 41 . A similar analysis with sequences of 11 Rap genes 343 from B. subtilis 168 used as an outgroup produced the same tree structure, and was used to 344 define the tree root in Fig. 2a . Clades were manually defined for AloR receptors based on 345 the branching patterns in the phylogenetic tree ( Fig. 2a) , as well as similarity in the cognate 346 AloP sequence and the immediate genomic environment. For Fig. 2b , the dendrogram of 347 the Alo receptors on the vertical axis of the matrix was generated by collapsing the tree 348 shown in Fig. 2a . The dendrogram of the phylogenetic relationship between the P. 349 polymyxa strains shown on the horizontal axis of Fig. 2b A method based on protein interaction with a solid phase was applied to enrich for peptides 372 present in the supernatants. Prior to usage, a disposable solid phase enrichment (SPE) 373 column (Phenomenex, 8B-S100-AAK), packed with an 8.5 nm pore size, modified styrene- Table S5 : Differential gene expression analysis at 10 minutes peptide incubation 675 Video S1: P. polymyxa clumping upon exposure to AloP13 pro-peptide
